An atomic force microscope ͑AFM͒ with an ultrasharp tip was used to directly measure the sidewall profile of InP/InGaAsP waveguide structures etched using an inductively coupled plasma reactive ion etching ͑ICP-RIE͒ in Cl 2 -based plasma. A special staircase pattern was devised to allow AFM tip to access the etched sidewall of the waveguides in the normal direction. Statistical information such as correlation length and rms roughness of the sidewall profile obtained through three-dimensional imaging by AFM has been presented. rms roughness as low as 3.45 nm was measured on the sidewall of 4-m-deep etched InP/InGaAsP heterostructures.
) are of interest because of their advantages in miniaturizing photonic devices utilizing sharp bends and compact ring resonators. However, they suffer more from deleterious optical scattering loss than waveguides with low index contrast because scattering loss at the imperfect sidewall is proportional to ⌬n 2 . 4 Theoretical studies on waveguide loss have shown that detailed statistical information on the sidewall profile, such as autocorrelation function or spectral distribution of sidewall roughness ͑SWR͒, is required for accurate estimation of scattering loss. 4 -6 With the same rms roughness, scattering loss can vary depending upon the correlation length of SWR. Thus, to achieve low-loss optical waveguides, an appropriate characterization tool to measure SWR, as well as etching technologies producing highly vertical and smooth sidewalls, are required. Various etching techniques have been investigated, but quantitative studies on the resulting SWR have been quite limited.
Scanning electron microscopy ͑SEM͒ and atomic force microscopy ͑AFM͒ are commonly utilized to measure planar surface morphology or texture. However, a SEM-based measurement technique ͑electron probe roughness analyzer͒ has been utilized to obtain the roughness of an etched sidewall profile. 7 The method has an advantage as a noncontact measurement technique, but its resolution was limited to 1 nm. 7 An AFM has better sensitivity in characterizing planar surface morphology than SEM, but it is difficult to use in measuring the vertical surface of three-dimensional ͑3-D͒ structures. This is especially true where the 3-D structures consist of small geometries. Attempts have been made to overcome this limitation. For example, a specially prepared high aspect ratio boot-shaped AFM tip that was mounted in an AFM system with two-dimensional ͑2-D͒ servo control system has been demonstrated for this purpose. 8 The AFM system was utilized to characterize the sidewall profile of a photoresist line, but its scanning area was limited by the length of the AFM tip. The resolution of the scanned image was limited by that of the positional stage controlling the lateral motion of the AFM tips. Another approach to obtain the sidewall profile of ridge waveguide structures using AFM was carried out with a sample mounted at a tilted angle. 9 This method requires a complex calibration routine to obtain the correct results from the scan of the tilted specimen. 10 It is very difficult to apply this technique to profile deep-etched optical waveguides with highly vertical sidewalls.
Transmission electron microscopy has also been employed to measure the interface line-edge roughness ͑LER͒ between the core and the cladding layers of Si/SiO 2 optical waveguides. 11 The auto-correlation function as well as rms roughness of LER were obtained. It should be noted that the authors assumed that the SWR was identical to the LER of the top surface; however, this may not be true in the case of deep-etched waveguides.
It is evident that there are still limitations in directly obtaining the roughness of waveguide sidewalls. Recent advances in AFM technologies, especially in the engineering of tips, have improved the potential of utilizing AFM for directly characterizing the vertical sidewalls of small geometrical structures such as semiconductor optical waveguides.
In this letter, an InGaAsP/InP heterostructure was etched utilizing inductively coupled plasma reactive ion etching ͑ICP-RIE͒ to obtain high-mesa optical waveguide structures. Large areas of the sidewalls of the deep-etched high-mesa structures were directly characterized with AFM for quantitative studies of SWR.
The fabrication procedure for high-mesa optical waveguides has been described elsewhere. 12 Briefly, PMMA-P͑MMA-MAA͒ bilayer electron-beam resist system was used for the lift-off of NiCr metal mask, which was subsequently utilized for transferring patterns into a SiO 2 layer deposited on the waveguide heterostructures. The rea͒ Electronic mail: iadesida@uiuc.edu APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 20sulting NiCr/SiO 2 was used as a mask to etch waveguide heterostructures using a Cl 2 /Ar/H 2 gas mixture. The difference between the etch rates of InGaAsP and InP was minimum under the etching conditions of Cl 2 /H 2 /Arϭ6 sccm/6 sccm/9 sccm, 3 mTorr of working pressure, Ϫ210 V bias voltage, 900 W inductive power, and 250°C substrate temperature. This etching resulted in line patterns with rectangular cross sections and aspect ratios of up to 10, as shown in Fig. 1 . An AFM was used to characterize the sidewall profiles of the etched optical waveguides. A specially designed line pattern shown in Fig. 1 was delineated in parallel with the crystal orientation of InP by electron-beam lithography. The staircase patterns allowed the cleavage of the sample to result in at least one segment of the waveguides being very close to the cleaved wafer edges so that an AFM tip can easily access the sidewalls of the waveguides in the direction perpendicular to the sidewall. With the AFM tip normal to the etched sidewall, the feedback loop of the z-directional movement of the AFM tip is still effective, and no modification in the control loop is needed. The resolution of the AFM is highest in the direction of the surface normal. Therefore, this configuration allows an AFM tip full access to the sidewall, resulting in the full imaging of the sidewall in high resolution.
A cone-shaped ultrasharp AFM tip ͑typical diameter of curvature was ϳ10 nm͒ was utilized to achieve high-fidelity sidewall profiling. Figures 2͑a͒ and 2͑b͒ show typical SEM and AFM images of the sidewalls of waveguides etched up to 4 m deep, and Fig. 2͑c͒ shows an AFM image of the sidewall of the InP substrate cleaved along the ͑100͒ crystal orientation. In the AFM images of the waveguide sidewalls, vertical striations on the sidewall are clearly visible. The striations begin at the top of SiO 2 mask layer and are transferred down to the bottom of the scanned sidewall. The origin of the vertical striations is ascribed to the line edge roughness ͑LER͒ of the etch mask. It is expected that mask erosion caused by ion bombardment during ICP-RIE etching adds to the LER of an etch mask. The SEM image in Fig.  2͑a͒ shows the eroded mask at the top. Two sampled sidewall profiles in the x and y directions are also illustrated at the bottom and the left-hand sides of the AFM micrograph in Fig. 2͑a͒ . The rms roughness values in the x and y directions are displayed in Fig. 3 . The rms roughness ranged from 2 to 6 nm. The rms roughness in the y direction (SWR y ) is highest in the InP region beneath the InGaAsP waveguiding layer, and is shown in Figs. 2͑a͒ and 2͑b͒, and Fig. 3͑b͒ . As the etching process proceeds from the top downwards, the material difference gives rise to additional roughness when it crosses the heterointerface between InGaAsP and InP. The etch rate of InGaAsP was about half the etch rate of InP for the etching conditions used in this work. The different etch rates of these distinct materials resulted in the different textures on the etched sidewall, as shown in Figs. 2͑a͒ and 2͑b͒ . For reference, the sidewall of the cleaved InP substrate was also scanned in the same configuration. The AFM scan image is shown in Fig. 2͑c͒ . No significant striations were detected for the cleaved sidewall of InP substrate. The rms roughness measured on the cleaved sidewall of InP substrate was 0.75 nm and the peak-to-valley height difference was ϳ4.5 nm. Two-D and averaged one-dimensional autocovariance functions C z (x ,y), C z (x), and C z (y) of SWR are shown in Figs. The rms surface roughness of the entire scanned area of the sidewall was calculated to be 3.45 nm, which is the square root of the peak value of the 2-D autocovariance function in Fig. 4͑a͒ . The peak values of autocovariance functions shown in Fig. 4͑b͒ correspond to the square of rms roughness values in x and y directions. The rms roughness values were 3.4 and 2.7 nm in x and y directions, respectively. Correlation lengths (B x and B y ) were extracted from the fitted curves in Fig. 4͑b͒ . The best fits were achieved with Gaussian and exponential functions for C z (x) and C z (y), respectively. The correlation length in the y direction (B y ) is much larger than that in the x-direction (B x ), as shown in Figs. 4͑a͒ and 4͑b͒. It implies that ion bombardment during ICP-RIE etching is highly directional in the vertical direction resulting in the randomness of the surface profile being much less in this direction. We have measured optical loss of waveguides fabricated using the same technique described in this letter. Two measurement techniques, cutback method and Fabry-Perot method, produced optical loss coefficient of 1/cm, 13 which agrees satisfactorily with the calculated loss obtained using the information obtained with SWR measurements.
In conclusion, the SWR of deep-etched InP/InGaAsP waveguides has been directly characterized using specially designed staircase patterns that made the waveguide's sidewalls accessible for large area scanning with AFM tips. ICP-RIE using NiCr/SiO 2 composite masking layer resulted in very smooth and highly vertical sidewall profiles. Autocovariance function and power spectrum of SWR were obtained, and were used to estimate optical loss performance of waveguides. For 4-m-deep etched waveguides, SWR and correlation length along the light propagation direction were 3.4 nm and 0.16 m, respectively. This work was supported under the DARPA RFLICS Program Grant F30602-00-C-0116 ͑Monitor: James Nichter͒ and NSF Grant ANI 01-21662 ITR. ) and C z (y) is found to be fitted better with the exponential function C z (y)ϭSWR y 2 exp(Ϫ͉y/B y ͉). The inset shows calculated power spectra. P x is power spectrum in the x direction ͑horizontal͒, and P y is power spectrum in the y direction.
